With the aim of separating nickel (Ni) from cobalt (Co) in acidic aqueous solution, selective reduction of Ni was examined. Sodium hypophosphite (NaH 2 PO 2 ) was selected as a reductant, and reacted with aqueous solution containing 0.1 mol L ¹1 nickel sulfate (NiSO 4 ·6H 2 O) and 0³0.05 mol L ¹1 cobalt sulfate (CoSO 4 ·7H 2 O) for 3 hours at 90°C. As a result, Ni was selectively reduced and separated from Co in the acidic region (pH = 4.8). Differences in reduction rate between Ni and Co were discussed, and the influence of impurities on the reduction of Ni was also examined by adding copper (Cu), iron (Fe), and zinc (Zn) ions to the feed solution.
Introduction
Efficient Ni recovery and separation from Co are essential in nickel hydrometallurgical processes. Currently, the hydrometallurgical production of Ni from oxide ore is mainly carried out by acid leaching at elevated temperature, followed by the removal of impurities using neutralization, and recovery of Ni and Co into intermediate products such as hydroxides and sulfides. Then, the intermediate product is dissolved in acidic aqueous solutions, and Ni/Co separation is conducted by solvent extraction. Finally, Ni and Co are recovered by electro-winning. This complicated process consumes large amount of alkali, hydrogen sulfide (H 2 S), and organic solution in a multiple-staged process.
14) To reduce the consumption of these chemicals, it is important to recover Ni more efficiently from acidic aqueous solution containing impurities.
According to previous research, it seems to be possible to separate Ni from Co in acidic aqueous solution by utilizing the difference in their oxidation or reduction rate, despite their close standard oxidation reduction potential (¹265 mV vs. S.H.E. for Ni and ¹340 mV vs. S.H.E. for Co at 25°C 5) ). For example, electroless plating of Co is difficult in acidic solution because of its slow reduction rate, while Ni plating is successfully conducted at pH = 4.5.
6) Wajszczuk and Charewicz investigated the reduction of Co from acidic solution (pH = 3.7³6.5) using hydrogen under pressure (6³42 atm), and found that there is a long (2³3 hours) induction time before reduction starts. 7) In view of these examples, selective reduction of Ni in acidic solution is a feasible way to separate Ni from Co. Figure 1 shows a block flow diagram of a proposed Ni production process utilizing the selective reduction of Ni ion in acidic solution. We selected sodium hypophosphite (NaH 2 PO 2 ) as a reductant. NaH 2 PO 2 is directly reacted with acidic aqueous solution after the neutralization process (pH < 6.5). This simple process enables us to achieve condensation of Ni and Ni/Co separation simultaneously, and Ni will be obtained as nickel-phosphorus (Ni-P) powder. Finally, Ni-P will be dissolved, and pure-Ni will be obtained by electrolysis. In the current industrial practice, Sherritt Gordon process is known as a process which utilizes the direct reduction of Ni in ammonia (NH 3 ) alkaline solution. 8) In Sherritt Gordon process, Ni is selectively reduced from a mixed solution of Ni and Co using H 2 gas under high pressure (10 atm). However, the process requires large amount of NH 3 to prevent Ni hydroxide from deposition. On the contrary, the selective reduction in acidic aqueous solution proposed in this study does not need complexing agent like NH 3 in Sherritt Gordon process. In this study, the feasibility of the selective reduction of Ni was experimentally examined.
Thermodynamic Analysis
In this study, NaH 2 PO 2 was selected as a reductant. Thermodynamically, both Ni and Co will be reduced not only by NaH 2 PO 2 but also by other reductants such as H 2 gas and hydrazinium dichloride (N 2 H 6 Cl 2 ). Figure 2 shows a poten- 
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Graduate Student, Kyoto University +2 tial-pH diagram at 90°C for several metals. 5, 9) The activity a i of dissolved substance i was defined by its molar concentration [i] in molarity (mol L ¹1 ), and the standard state of gaseous species g was defined by ideal gas under 1 atm. After the neutralization process in the Ni production process, magnesium (Mg ) ions are the main impurities in the solution. In Fig. 2 , Mg 2+ does not appear because its standard oxidation reduction potential is extremely low (¹2.3 V vs. S.H.E. at 25°C). In the presence of a reductant, Fe 3+ is considered to be reduced into ferrous ion (Fe 2+ ). Lines (a), (b), and (c) in Fig. 2 represent the oxidation reduction potential of H 2 gas, hydrazinium ion (N 2 H 5 + ), and hypophosphite ion (H 2 P(I)O 2 ¹ ), respectively. This diagram clearly shows that both Ni and Co are expected to be reduced by these reductants, even in the acidic region. Furthermore, the removal of impurities could be achieved thermodynamically by utilizing H 2 gas or N 2 H 5 + as a reductant; reduction by H 2 gas could separate Fe and Zn, and reduction by N 2 H 5 + could separate Zn.
In spite of the thermodynamic analysis mentioned above, in the hydrometallurgical process, actual reduction behavior is strongly affected by kinetics resulting from the thermodynamic driving force for the reaction route, temperature, catalytic activity, stability of complexes, and so on. Therefore, the reduction of Ni and Co ions by H 2 gas needs to be conducted under high pressure. As a matter of fact, 1 atm H 2 gas and N 2 H 6 Cl 2 were not effective as reductants in acidic aqueous solution. In this study, the feasibility of selective reduction of Ni was investigated by using NaH 2 PO 2 which was well known as a reductant for the electroless plating of Ni in the acidic solution.
Material and Methods
Experiments were carried out by reacting the sample solution containing Ni and Co or another metal ion with NaH 2 PO 2 ·H 2 O in the acidic region. Firstly, the difference in reduction behavior between Ni and Co, and the selective reduction of Ni were examined in the conditions summarized in Table 1 Figure 3 shows the apparatus for the experiment. The sample solution was exposed to argon (Ar) gas bubbling for 30 min to eliminate dissolved oxygen. NaH 2 PO 2 ·H 2 O in the form of powder was added and dissolved in the sample solution at room temperature. The molar ratio of NaH 2 PO 2 · H 2 O to Ni and Co ranged from 1 to 5. Then, the solution was heated up to 90°C because reaction did not occur at room temperature. The reaction was conducted under Ar gas flow and monitored for 3 hours after heating started, and the solution was sampled at intervals of 0.5³1.5 hours. After the reaction, precipitates were recovered and washed using de-ionized water and 2-propanol, and then dried under a vacuum. The concentrations of each element in the recovered precipitates and sampled solutions were determined by inductively coupled plasma atomic emission spectrometry (ICP-AES, SII, SPS3500). Precipitates were analyzed by Xray diffraction (XRD, PANalytical X'Pert Pro) and scanning electron microscopy (SEM, KEYENCE VE-7800).
Results and Discussion

The difference in reduction behavior between Ni and
Co In the experiment using NiSO 4 solution, Ni ion was successfully reduced and metal powder was obtained as expected in section 2. The photographs of the solution during the reduction experiments and the precipitates recovered after each experiment are summarized in Fig. 4 . In the experiment for NiSO 4 solution (Ni_01 and Ni_02), Ni ion was reduced by H 2 P(I)O 2 ¹ . In experiment Ni_01, the green color of the solution, which indicated the existence of Ni ion, disappeared during the experiment and the black precipitate was obtained (see Fig. 4(a) ). Figure 5 shows the change in pH, oxidation reduction potential (ORP), and temperature of the solution during the experiment. After the temperature of the solution reached 85°C, ORP dropped to ¹400 mV and black precipitate was observed with intense gas generation. The gas was expected to be H 2 gas. The ORP electrode used in the experiment was Pt metallic electrode with internal Ag/ AgCl reference electrode (9300-10D, HORIBA Ltd.). In order to assure the potential at the point where the reduction reaction occur, an electrode was made by compressing the precipitate, and ORP value was measured referring the Ag/ AgCl reference electrode. The result provided as a reference in Fig. 5 showed similar value to the ORP value in Pt electrode. Considering that the surface of the Pt electrode was covered by Ni-P deposition, the conformance of ORP value makes sense. Thus, the ORP value was regarded to be ¹360 mV to ¹400 mV during the reaction. ICP-AES analysis revealed that the concentration of Ni in the sample solution was dramatically decreased from 0.097 mol L ¹1 to 5.2 © 10 ¹4 mol L ¹1 after experiment Ni_01. The obtained black precipitate contained 81 at% Ni and 19 at% P. These results revealed that Ni was reduced to Ni-P alloy by H 2 P(I)O 2 ¹ . In experiment Ni_03, the reaction did not occur at all. The molar ratio of the reductant to Ni ion should be no less than 1.
In order to discuss the conformance with thermodynamics, potential-pH diagram for H 3 PO 4 -Ni 2+ -H 2 O system at the experimental condition was shown in Fig. 6 . 5,9,10) The activity of Ni ion was set to be 0.1 mol L ¹1 , and the activities of other dissolved substances were set to be 0.3 mol L ¹1 . Considering the pH and ORP during the reduction experiment, Ni 5 P 2 is expected to be obtained as a stable phase. However, actual concentration of P in the precipitate obtained after the experiment was 19 at%, which was lower than the concentration of P in stable phase, namely, Ni 5 P 2 (28.6 at% P) or Ni 3 P (25 at% P). Figure 7 shows the XRD pattern for the precipitate obtained after experiment Ni_01 with the reference patterns of Ni-P species appeared in the potentialpH diagram. It had a broad diffraction pattern around 40 degrees, which was typical for amorphous nickel-phosphorus (Ni-P) alloy. From the result of XRD analysis, chemical phase was not determined. Randin et al. have studied electroless plating of Ni in the past and revealed as-plated Ni to be the supersaturated solid solution of P in Ni as a metastable intermediate state. 11, 12) According to their theory, the precipitation obtained in our experiment was expected to be the metastable state, which did not appear in the potential pH diagram.
In contrast, the results of the experiment for CoSO 4 solution (Co_01) suggested that the Co reduction rate was markedly slower than that of Ni. There was no change in the appearance of the solution during the experiment (Fig. 4(b) ).
As shown in Fig. 5(b) , ORP did not change during the experiment. By adding 0.01 g of Co powder as an initiator, ORP dropped to ¹370 mV, but ICP-AES analysis showed no decrease in the concentration of Co in the sample solution at all. Figure 8 5, 9, 10) shows the potential-pH diagram for H 3 PO 4 -Co 2+ -H 2 O system at 90°C with the activity of Co ion set to be 0.01 mol L ¹1 . The diagram indicates precipitation of Co as a stable phase. The experimental results suggested that the reduction rate of Co was so slow that Co reduction did not progress even though the ORP was lower than the oxidation-reduction potential of Co. Furthermore, there seemed to be no metastable phase as in the case of Ni. By utilizing the difference in reduction behavior between Ni and Co, Ni was selectively reduced and Ni-P alloy was obtained in the reduction experiment for 0.1 mol L ¹1 NiSO 4 and 0.01 mol L ¹1 CoSO 4 mixed solution (Ni_Co_01). As shown in Fig. 4(c) , the color of the aqueous solution turned from green, which indicated Ni aqueous ion, into pink, which indicated Co aqueous ion. The XRD pattern of the precipitate showed a broad Ni-P diffraction peak. These results implied that only Ni was reduced and removed from the solution. However, with higher Co concentration, Ni/Co separation became difficult. As shown in Fig. 4(d) , purple floating substance was obtained with black precipitates after the experiment for the mixed solution of 0.1 mol L ¹1 NiSO 4 and 0.05 mol L ¹1 CoSO 4 (Ni_Co_02). By XRD analysis, the purple floating substance showed unknown diffraction pattern while the black precipitate showed diffraction of amorphous Ni-P alloy. The unknown pattern had the most intense peak identical to that of Co phosphite hydrate (CoHPO 3 ·H 2 O), but it did not match up with the reported reference patterns related to Co and phosphite ion. From the result of composition analysis by ICP-AES, the precipitate was found to contain relatively high concentration of Co and P (see Table 2 ).
In order to discuss the efficiency of the selective reduction of Ni, the remaining ratio of element i, R i , was defined and calculated from the results of ICP-AES analysis.
C i : conc. of element i in the sample solution before the experiment. All results are summarized in Table 2 , and Fig. 9 shows the change in the remaining ratio of element i, R i , during the reduction experiment. The horizontal axis is the elapsed time since the temperature of the sample solution reached 85°C. In the experiment for the mixed solution of 0.1 mol L ¹1 NiSO 4 and 0.01 mol L ¹1 CoSO 4 (Ni_Co_01, plotted by cross (©) in Fig. 9 ), the concentration of Ni dramatically decreased to 0.1% of the initial concentration while Co remained in the sample solution at over 80%. In the Ni-P alloy obtained after Ni_Co_01, the atomic ratio of Co to Ni was 1.6% (see Table 2 ). This value is 1/6 of the concentration ratio in the initial aqueous solution. Consequently, Ni was successfully recovered from acidic aqueous solution by selective reduc- Determined by ICP-AES analysis (n.d.: not detected, n.a.: not analyzed). * 2 R i = 100 © CA i,l /C i (where C i is conc. of element i in the sample solution before exp., and CA i,l is conc. of element i in the sample solution after exp.). *
3
The unknown pattern had the most intense peak identical to that of CoHPO 3 ·H 2 O. tion. With 0.05 mol L ¹1 CoSO 4 (Ni_Co_02, plotted by triangle ( ) in Fig. 9 ), the concentration of Co also decreased because of the precipitation of the purple floating substance containing Co and P.
Ni Co
The experimental results revealed that there was a difference in the reduction rate between Ni and Co in acidic solution and this difference resulted in the selective reduction of Ni. In the experiment for the mixed solution (Ni_Co_01), reduction of some Co ions was also observed from the composition analysis of the precipitate. The reason for this might be in the Ni-P fine powder produced during the experiment. From the SEM observation, this powder was very small at 1 micrometer in diameter, so it could exhibit catalytic activity for Co reduction with increase of solidliquid interface area.
Effect of impurities on the reduction behavior
Some interesting effects were observed in the reduction experiment in the solution containing impurities. Figure 10 shows photographs of the solution during the reduction experiments and the precipitates recovered after each experiment. In the experiment for the solution containing Cu 2+ as an impurity, the color of the solution changed in the similar way as in the experiment without impurities ( Fig. 10(a) ). In contrast, in the experiment containing Fe , the green color of the solution remained even after the reaction for 3 hours (Fig. 10(b) and (c) ).
Detailed results of composition analysis are summarized in Table 3 , and the changes in the remaining ratio of Ni and Co are shown in Fig. 11 . After the experiment with 0.01 mol L
¹1
CuSO 4 (Ni_Co_Cu_1st & 2nd), Cu and Ni were selectively reduced and separated from Co (see Table 3 (a)). In the precipitate obtained after the experiment, Cu metal phase was observed with Ni-P alloy by XRD analysis (see Table 3 (b)).
Change in the remaining ratio (plotted by circle ( ) in Fig. 11 ) revealed that the Ni reduction began much earlier than in the experiment without Cu (plotted by cross (©) in Fig. 11 ). This was because the noble Cu precipitated first due to the large driving force for the reduction (standard oxidation reduction potential of Cu is +339 mV vs. S.H.E. at Determined by ICP-AES analysis (n.a.: not analyzed). * 2 R i = 100 © CA i,l /C i (where C i is conc. of element i in the sample solution before exp., and CA i,l is conc. of element i in the sample solution after exp.). 90°C), and the Cu metal acted as an initiator for the reduction of Ni. In contrast, Fe 3+ and Zn 2+ were considered to decrease the reduction rate of Ni. With Fe 3+ and Zn
2+
, the Ni concentration did not decrease to the same extent as in the experiment without these impurities (see Fig. 11 ). In the case of Fe 3+ , the consumption of reductant by reduction of Fe 3+ to Fe 2+ was a possible reason for the decrease in Ni reduction rate. However, this is quite unlikely because the initial concentration of Fe 3+ was 1/10 that of Ni. At this point, we believed that Fe 3+ and Zn 2+ had some influence on the reduction reaction of Ni ion.
Conclusions
In this study, selective reduction of Ni in acidic aqueous solution was experimentally investigated in order to propose an alternative process for the separation of Ni and Co. As a result, selective reduction of Ni was successfully demonstrated by using NaH 2 PO 2 as a reductant. ORP value of the sample solution during the experiment suggested that the selective reduction of Ni was due to the differences in the reduction rate between Ni and Co in the acidic aqueous solution. The efficiency of Ni/Co separation is affected by initial Co concentration because of the precipitation of a compound containing high concentration of Co and P. Experimental results also revealed that the coexistence of Fe 3+ or Zn 2+ decreases the reduction rate of Ni. The proposed process enables us to reduce chemicals in the Ni production process. Furthermore, it does not need specific facilities such as an autoclave because reduction is conducted under ambient pressure. In terms of the product, Ni reduction in aqueous solution has the potential to give powdery Ni, which can easily be dissolved and suitable for the use in industry like plating. However, in order to prevent phosphorus (P) contamination of the product, another reductant needs to be found. Reduction using metal redox pair is the examples of possible candidates that can accomplish more environmentally-sound process. In order to control these reactions, mechanism of the reduction accompanied by kinetic differences should be understood. 
